The extant genetic variation of a population is the legacy of both long-term and recent population dynamics. Most practical methods for estimating effective population size are only able to detect recent effects on genetic variation and do not account for long-term fluctuations in species abundance. The utility of a maximum likelihood estimator of long-term effective population size based upon the coalescent theory of gene genealogies is examined for three endangered Colorado River fishes: humpback chub (Gila cypha), bonytail chub (Gila elegans) and razorback sucker (Xyrauchen texanus). Extant mitochondrial DNA (mtDNA) variation in humpback chub suggests this species has retained its historical equilibrium genetic variation despite recent declines in abundance. The mtDNA variation in razorback suckers indicates the population was quite large and expanding prior to recent declines and that rare alleles still survive in the remnant populations. The remaining mtDNA variation in bonytail chub indicates that dramatic, recent declines may have already obliterated a substantial portion of any historical variation. The results from long-term effective population size analyses are consistent with known natural history and illustrate the utility of the analysis for endangered species management.
INTRODUCTION
One of the most important properties of a population is also the most elusive to measure: effective population size (N e ). This quantity is defined as the number of individuals in an idealized population that experiences the same magnitude of genetic drift as the observed population with census size N. Typically the ratio of N e to N is less than unity owing to a variety of factors, which may include variance in family size or temporal fluctuations in population size (Hedgecock, 1994; Frankham, 1995; Nunney, 1996) . Because N e is a primary determinant of the amount of genetic variation, estimation of this quantity has become increasingly crucial for the management of endangered natural populations. A reduction in N e can have a number of detrimental impacts on the fitness of an endangered population. One immediate concern is the chance fixation or increase in frequency of deleterious, recessive alleles as a result of inbreeding. A longer-term concern is that loss of genetic variation can lead to a reduction in a population's potential to adapt to changes in its environment, such as habitat modification, introduced competitive species, predators and parasites.
Several methods have been developed to estimate N e from genetic data such as allele frequencies or DNA sequences (Schwartz, Tallmon & Luikart, 1998; Crandall, Posada & Vasco, 1999) . One of the most widely used methods utilizes the temporal allele frequencies to estimate the magnitude of drift and thus the current effective population size. However, here we consider how DNA sequence data can be used to make an estimate of long-term N e , and hence gain insight into historical demography. The long-term N e describes the expected genetic variation in a population with a given demography over its evolutionary history. This historical demography can be fundamentally categorized in one of four ways: stable, expanding, declining or cyclic over time. Population genetics theory has provided predictions on how past population decline or growth is likely to influence the extant pattern of intra-populational genetic variation (Nei, Maruyama & Chakraborty, 1975; Slatkin and Hudson, 1991) . In remnant populations, knowledge of the relationship of extant genetic variation to historical levels can greatly inform the determination of a target N e for conservation efforts.
One of the most theoretically robust methods for estimating long-term N e from DNA sequence data was developed by Kuhner, Yamato & Felsenstein (1998) . This method employs the coalescent theory of Kingman (1982) to compute jointly the likelihoods of two population parameters: long-term N e and the exponential growth rate. This method is now beginning to be utilized by empirical investigators (Vila et al., 1999; Zink et al., 2000) . Here we illustrate, in some detail, how this method can be applied to estimating long-term female effective population size (N ef ) using mtDNA sequences from natural populations. We examine three fish species endemic to the Colorado River basin: humpback chub (Gila cypha), bonytail chub (Gila elegans) and razorback sucker (Xyrauchen texanus). These were selected because all are in critical danger of extinction, historical distribution and abundance are generally understood, and genetic data necessary to generate reliable long-term effective population size estimates were available.
Historically these three species occupied much of the Colorado River basin. Bonytail chub and razorback sucker were once widely distributed and abundant throughout the larger streams of the system, while the humpback chub was restricted to canyon-bound reaches in and upstream of the Grand Canyon (Minckley, 1973) . Habitat destruction including dam and reservoir construction, water diversion and desiccation, plus introduction and establishment of a suite of predatory and competitive non-native fishes, resulted in recruitment failure and declines in both abundance and distribution (Minckley, 1990; Minckley et al., 1991) . All three species are federally listed as endangered.
Bonytail chub has been extirpated from most of its range and is extremely rare in the wild (USFWS, 1980) . It is regularly encountered in only Lake Mohave, Arizona and Nevada, yet captures are so few that census estimates cannot be made (Marsh & Minckley, 1992) . Humpback chub has fared better: only this species of the three has apparently self-sustaining populations (USFWS, 1990) . The largest known population resides in and near the Little Colorado River in Grand Canyon where perhaps as many as 10,000 adults persist (Douglas & Marsh, 1996; Valdez & Ryel, 1997) . Populations thought to be stable but of unknown size occur in Westwater Canyon, Utah and Black Rocks, Colorado, and scattered individuals occur elsewhere. Historically, razorback sucker was the most abundant of these fishes . The largest remaining population in Lake Mohave has dwindled from perhaps hundreds of thousands to fewer than 10,000 fish in the last 50 years (Dowling, Minckley & Marsh, 1996a; Pacey & Marsh, in press) . A much smaller population in the middle Green River, Utah, has shown a similar trend (Modde, Burnham & Wick, 1996) . Other populations are scattered and small, comprised of tens to hundreds of individuals.
Captive propagation programmes for bonytail chub and razorback sucker began in the early 1980s and hundreds of thousands to millions of young have been distributed (reviewed in Dowling et al., 1996b; Hedrick et al., 2000) . Repatriates of both species now are captured routinely in Lake Mohave (Marsh, 1999) , but stockings elsewhere were largely unsuccessful. Regardless, nothing has remedied the near-total recruitment failure that characterizes all known populations of these two species and that will ultimately result in their extinction (Marsh, in press ).
The average life-span of these fishes is relatively long (20 to 50 years) and recruitment failure because of predation on early life-history stages is a primary obstacle to recovery (Minckley, 1990) . However, because of their longevity and the recency of the population declines, it is possible that losses of historical levels of genetic variation have thus far been small.
MATERIALS AND METHODS

Populations sampled and measurement of genetic variation
Tissue samples were obtained from the following locations: humpback chub (n = 18), confluence of the Little Colorado and Colorado rivers in Grand Canyon, Coconino Co., Arizona; bonytail chub (n = 16), Lake Mohave, Mohave Co., Arizona; razorback sucker (n = 49), Lake Mohave, Mohave Co., Arizona. Methods for extraction of DNA are provided in Gerber, Tibbets & Dowling, (2001) . Variation in mtDNA was assayed through a combination of single-stranded conformation polymorphism (SSCP) analysis and direct sequencing. Humpback and bonytail chub were examined for two SSCP fragments from subunit 2 of the NADH dehyrodgenase (ND2) gene as described in Gerber et al. (2001) . Composite haplotypes for each individual are identified by two letters, with the first letter indicating the allele identified with primer pair A Gila /C Gila (400 bp fragment) and the second denoting the variant identified with primers F Gila /E Gila (390 bp fragment). Razorback sucker mtDNA variation was assayed using a single fragment from the 3′ end of the cytochrome b gene. The fragment was amplified with the primers LE RBS (5′-TGCCTACGCCATCCTTCG-3′) and HA (5′-CAACGATCTCCGGTTTACAAGAC-3′) by 25 cycles of denaturation at 94 C for 1 min, annealing at 50 C for 1 min, and extension at 72 C for 2 min. Conditions for SSCP and direct sequencing followed Gerber et al. (2001) .
Coalescent theory and data analysis
Coalescent theory is a framework for predicting times to common ancestors among a sample of gene copies randomly drawn from a population of a specific effective size (see Hudson, 1990 , for a review). In its most basic form, coalescent theory requires that the sampled gene copies are selectively equivalent and do not recombine, and that population size has been constant (i.e., in a neutral mutation-drift equilibrium). For a diploid population under these assumptions, the probability that two randomly drawn gene copies descend from the same copy in the previous generation is 1/(2N) (an event hereafter referred to as coalescence). Alternatively, the probability that two copies do not coalesce in the previous generation is simply 1-[1/(2N)]. Following this logic, the probability that the first coalescence event occurs in generation t is The expected time to the final coalescence of all nsampled gene copies is 4N(1-1/n), measured in units of generations. The distribution of coalescence times in a sample is geometric, but may be approximated by an exponential distribution with mean 4N/[n(n-1)].
Because the distribution of coalescence times is a function of N e , violations of the assumption of a constant population size result in predictable deviations from the expected distribution. If N increases as we travel back through time, then the coalescence times will become longer than those expected under size constancy. Conversely, if N decreases back through time the times will become shorter than expected. Figure 1 illustrates these concepts in the convenient graphical form of genealogical trees for ten hypothetical samples. If we assume a constant mutation rate, µ, the number of mutations that accumulate on each branch is a Poissondistributed random variable with mean θ f t/2, where θ f = 2N ef µ, N ef is the female effective size for mitochondrial genes, and t is the length of the branch in generations.
The computer application FLUCTUATE (Kuhner et al., 1998) was used to reconstruct coalescent genealogies and estimate the corresponding values of θ f and the exponential growth rate scaled in terms of the number of mutations, g, from each set of aligned mtDNA sequences. FLUCTUATE is freely available from http://evolution.genetics.washington.edu/lamarc.html. FLUCTUATE arrives at its estimates of the above parameters by a two-step, maximum likelihood (ML) method. First, it calculates the prior probability of a given genealogy for a value of θ f and g. It then chooses the genealogy that maximizes the probability of the data under some model of nucleotide change. The genealogical tree cannot be interpreted strictly as a phylogeny; rather it is a statistical realization of the most likely path of descent of a sample from a single common ancestor.
Because no transversional nucleotide substitutions were observed in the data sets, we assumed a default transition/transversion ratio of 2.0 in the model of nucleotide substitution. In order to begin the genealogical tree search in a reasonable starting position, a clocklike tree constructed with the DNAMLK program (Felsenstein, 1996) was input as an initial tree. Similarly, the initial value of θ f used was based upon the number of segregating sites observed in the data as calculated by the method of Watterson (1975) .
FLUCTUATE uses an 'importance sampling' method known as the Metropolis-Hastings sampler for searching the space of possible trees (Kuhner et al., 1998) ; this helps prevent FLUCTUATE from fixating on local likelihood optima. The program records the likelihood of genealogies at specified search intervals in an effort to find the genealogy that best fits the data. The length used in each search was 10 short chains with 100,000 steps and 2 long chains with 200,000 steps. When the data do not represent a 'perfect' genealogy, increasing the length of the search tends towards stabilizing the estimate of θ f and g (M. K. Kuhner, pers. comm.) . Additionally, ML genealogies were reconstructed that do not allow for change in population size (g = 0). The significance of differences between N ef point estimates of the null model (constant size), and alternative models of population growth or decline were assessed by the 95% confidence intervals of the likelihood curves obtained under the null model.
Other descriptive polymorphism statistics such as number of mutations, number of singleton mutations, average pair-wise nucleotide differences, and Tajima's D statistic (Tajima, 1989a) were calculated with the computer application DnaSP (Rozas & Rozas, 1999 ). Tajima's D statistic serves as a test to determine whether the observed patterns of nucleotide polymorphism deviate from neutral expectations for a population of constant size (Tajima 1989b) . The statistical significance of this statistic was tested by Monte Carlo simulation of the coalescent process as outlined in Hudson (1990) with 1000 replicates.
RESULTS
Humpback chub
In a sample of 18 humpback chub, five composite ND2 haplotypes were found (Table 1) . Among these, a total of six mutations were observed, one of which occurs as a singleton. All base changes were transitions, and none 97 Long-term effective population size resulted in amino acid substitution. The AB and GB haplotypes are the most frequent and occur in 44.4% and 27.8% of the samples, respectively. Two of the least frequent haplotypes were the most divergent (AH and LD) and there is an average of 1.54 nucleotide substitutions between all pair-wise comparisons of sequences. This pattern of polymorphism results in a non-significant Tajima's D statistic of -0.3935 (P = 0.358); this means the divergence among sequences falls within the boundaries expected for a sample of size 18, with six mutations in a constant size population at a neutral mutation-drift equilibrium. Figure 2 (a) depicts the ML genealogy recovered for the 18 humpback chub samples. The specific topology shown in Figure 2(a) is not necessarily well supported within a 95% confidence interval on likelihood scores; however it is the distribution of coalescence times rather than a specific topology that is of greater importance in this analysis. Table 1 lists ML point estimates and standard errors of θ f and g for this genealogy. If we conservatively assume a mutation rate of 2 × 10 -8 per nucleotide, equivalent to that found in mammalian mtDNA (Brown, George & Wilson, 1979 ; more recent estimates are lower for mammals, i.e., Pesole et al., 1999 -however, see below), the resulting long-term N ef is approximately 150,000. However, some investigators contend that teleost coding mtDNA evolves five times more slowly than that of endothermic vertebrates (Kocher et al., 1989) ; this would only increase the estimate of N ef . In this case, the exponential growth rate, g, does not significantly differ from zero. The point estimate of N ef under size constancy is approximately 97,500 (Table 1 ). Because the above value of 150,000 falls within the 95% confidence interval of this estimate, values derived from the two models do not significantly differ from one another. We assume equal sex ratios for humpback chub and the other two species so that N e = 2N ef .
Bonytail chub
In the sample of 16 bonytail chub there are only three ND2 haplotypes (Table 1 ). The haplotypes are almost equally frequent in the sample (Yy-31.3%, Zx-25.0%, Zz-43.7%). Figure 2(b) shows the coalescent genealogy for this sample and graphically illustrates the observation that the three haplotypes are somewhat divergent from one another. Between all pair-wise comparisons of the 16 sequences, there was an average of 2.82 nucleotide substitutions, almost double that of the humpback chub ND2 sequences. A total of six transitional mutations were observed in the data, none of which occurred as a singleton. One change resulted in an amino acid substitution. Thus, for the same number of mutations as found in the same humpback ND2 fragments, the divergence among alleles is much greater for the bonytail chub ND2 haplotypes; this is reflected in the significantly positive Tajima's D statistic of 1.909 (P = 0.028), indicating either the occurrence of a population bottleneck or possibly the action of balancing selection. This pattern can result from a bottleneck because, when population sizes are reduced, rare alleles are easily lost, many of which may be mutational intermediates between the surviving alleles. We thus expect that the remaining divergent alleles will occur at a relatively even frequency.
This scenario is also supported by the ML coalescent analysis. This method gave a point estimate for N ef of approximately 62,000 when population size is allowed to change and approximately 89,500 when sizes are assumed to have been constant. In this case, the exponential growth rate is significantly negative and the two values of N ef significantly differ from one another.
Razorback sucker
Ten different cytochrome b haplotypes were found in a sample of 49 razorback suckers. A total of 13 mutations was observed, four of which occur as singletons. Two mutations resulted in amino acid substitutions. The haplotype designated 'E' is the most frequent, occurring in 59.2% of the sampled individuals. The genealogy in Figure 2 (c) shows a similar distribution of coalescence times to that of the humpback chub, where the rare haplotypes are the most diverged and the two most common are closely related to one another (E and F). There is an average of 1.50 nucleotide substitutions between each pair-wise comparison of the 49 sequences, similar to the value from the humpback chub sequences. However, unlike the humpback chub, the razorback sucker data yielded a Tajima's D statistic of −1.46, a marginally non-significant value (P = 0.058). While this is not a significant statistic at the α = 0.05 level in the coalescent simulations, the value of the statistic is indicative of a trend in the data. A significantly negative D statistic would indicate that there is an excess of rare mutations over the number expected in an equilibrium population. The alternative hypotheses are either that the population has been expanding, enabling rare alleles that would otherwise go extinct by drift to enter into the population, or that directional selection has pushed other Table 1 . Summary of mtDNA polymorphism in three Colorado River fishes with maximum likelihood estimates of N ef µ and exponential growth rate parameter (and associated 95% confidence intervals) based upon a coalescent model as implemented by Kuhner et al. (1998 alleles to low frequencies. The ML point estimate of N ef under population size change is approximately 940,000, which is significantly higher than that under size constancy, approximately 669,000. This method does indicate a significant excess of rare mutations in the data, as indicated by a significantly positive growth rate and illustrated by the long external branches in the genealogy in Figure 2 (c).
DISCUSSION
The three fish species examined here illustrate the three possible outcomes of long-term effective population size analysis. The analysis of variation in the ND2 gene of humpback chub reveals a pattern of polymorphism that does not significantly deviate from that expected for a constant-sized population at mutation-drift equilibrium. Yet, we know that all three of these species have, to varying degrees, suffered from recent declines in abundance. Similarly, variation in the cytochrome b gene of razorback sucker also shows no evidence for a recent population bottleneck; rather, the excess of singleton mutations suggests the population was expanding historically. Thus, the legacy of this long-term evolutionary trajectory has not yet been erased during the initial stages of a bottleneck. Variation in the ND2 gene of the bonytail chub, however, does show evidence of a population bottleneck, and indeed it is considered one of the most endangered North American freshwater fish species (Rinne & Minckley, 1991) . The results of long-term effective size estimation are consistent with what is known of the demographic history of these species. For example, the retention of historical levels of ND2 polymorphism in extant populations of humpback chub may be the result of this species' past population structure throughout the Colorado River. The decline in abundance of humpback chub is primarily due to localized reductions and extirpation of historically connected subpopulations (Gerber et al., 2001) . It may be that the relatively isolated Grand Canyon subpopulation we have surveyed may not yet have experienced the severe loss of genetic variation associated with genetic drift and loss of immigrant haplotypes.
Although populations of razorback suckers are declining dramatically, variation in the cytochrome b gene of this species shows no evidence for the effect of a population bottleneck. Unlike the humpback chub, the pattern of polymorphism and positive growth rate (this is represented by long external branches in the genealogy in Figure 2(c) ) is suggestive of a departure from mutation-drift equilibrium, indicating the razorback sucker population was expanding. This apparent conflict between genetic and census data is reconciled by considering that, prior to human impacts, the razorback sucker existed as a large and geographically dispersed population. The species historically occurred basin-wide from Wyoming to the Colorado River delta in Mexico, and throughout the Gila River system of central Arizona and New Mexico. Abundance was such that Native Americans and early settlers used it as food and fertilizer, and commercial fisheries were present at several sites (Minckley, 1973) . Now the last bastion of this species (as for bonytail, below) is Lake Mohave, where fewer than 10,000 individuals persist (Pacey & Marsh, in press ). The conclusion of a historically expanding population is consistent with the conclusions of Dowling et al. (1996a) , who suggested a northward, postPleistocene expansion by the razorback sucker. While it is generally unexpected that rare alleles survive in the steadily declining Lake Mohave population, perhaps our estimate of long-term female effective population size is quite conservative if, in fact, some variation in this population has already been lost.
Although the bonytail chub was historically widespread and locally abundant (Minckley, 1973; USFWS, 1980) , it was extirpated from central Arizona and was rare in the lower Colorado River when initial attempts were made to bring individuals into protective custody (Hamman, 1981) . By the 1980s, bonytail chub were considered functionally extinct in the upper Colorado River system, which comprised a substantial portion of its range (Kaeding et al., 1986) . Results from analysis of the ND2 gene in bonytail are concordant with these observations and, in this case, managers are not afforded the luxury of the retention of historical levels of genetic variation. However, interpretation of these data should be tempered by considering the species' management history. A few adults were captured from the wild and brought to hatcheries where thousands of young were propagated and, from these F 1 s, thousands more were produced (Hamman, 1982 (Hamman, , 1985 . Hatchery-produced bonytail were stocked into Lake Mohave beginning in the early 1980s; therefore, some or all of these individuals may be F 1 individuals released from the broodstock programme at that time. Since Hedrick et al. (2000) estimated the effective founding size of this stock to be 3.5-8.5 individuals, we are unable to conclude unambiguously whether the observed pattern of variation in our sample was due to a founder event in the hatchery, the result of recent species-wide declines in numbers or a long-term trend towards population contraction.
An important distinction between this long-term estimator of N e and estimators that rely upon temporal change in allele frequencies (e.g., Waples, 1989 ) is the relative window of time under examination. Estimators based upon changes in allele frequencies are, in essence, measurements of the current N e , because the mutational history that distinguishes alleles is not taken into account. Coalescent-based methods provide an assessment of the numbers of individuals that have contributed to the sample variation throughout a substantial portion of the species' history, but do not provide a current estimate of N e . Therefore, the combination of these two approaches will estimate the effects of genetic drift over very different time-scales and can complement one another to provide a more complete picture of a given population's evolutionary dynamics.
It is well known that coalescent-based estimators of effective population size make more efficient use of sequence data than do other estimators that rely on summary statistics from nucleotide data and also that the coalescent-based estimators have lower variance (Felsenstein, 1992) . This lower variance is especially important when sample sizes are small, as they often are with endangered species. Additionally, estimates of the final coalescence times (and hence N ef ) among n samples are relatively robust to small values of n (Felsenstein, 1998) . In fact, the probability that adding another sample would change the final coalescence time is 2/(n(n+1)) (Slowinski & Guyer, 1989) . These probabilities would be 0.006, 0.007, 0.001 for the humpback, bonytail and razorback sucker data sets, respectively. However, it should also be noted that the addition of more polymorphic DNA sites increases the reliability of the estimation, as it is the pattern of DNA polymorphisms that ultimately resolves the precise genealogical relationship between samples (Kuhner, Yamato & Felsenstein, 1995) .
